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ABSTRACT

Waveguide E plane fin line filters with various numbers

of inductive strips are analyzed using the MICRO-COMPACT

(MPAC) computer program. The scattering parameters for the

inductive strips are obtained from a spectral domain program

(FINSTRIP).

Filters were fabricated and tested in X-band (8-12 GHz).

Good agreement between the predicted response from a MICRO-

COMPACT (MPAC) program and the measured response from a

network analyzer was obtained in the case of simple filters

(two inductive strips).

Some applications of fin line filter technology in

Electronic Warfare are also shown.
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I. INTRODUCTION

During recent years, the attention of researchers has

been focused on integrated fin-line filters, mainly in the

millimeter wavelength (mmW) region.

The structure of the fin-line filter is very simple and

consists of axial inductive metal strips, which are inserted

in a rectangular waveguide such that, the strip surface is

parallel to the narrow waveguide wall (i.e., parallel to the

E-plane). For maximum dominant mode bandwidth the inductive

metal strips are suspended in the center of the E-plane.

This method of construction, E-plane integrated-circuit,

offers important advantages specifically in the mmWs region.

Some of these are wide single mode bandwidth, low insertion

loss, production economy, low equivalent dielectric constant,

compatibility with hybrid IC devices, and simple transitions

to waveguide instrumentation [Ref. 1].

The importance of millimeter wave (mmW) applications and

technology has increased very quickly. This significance is

probably more powerful in military applications than else-

where, mainly in the current sophisticated warfare environ-

ment and weaponry. Applications include more precise tracking

guidance systems for missiles in cluttered and smoke regions,

and short range communications with link privacy, which the

mmWs are capable of providing.

11
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Figure 2.7 Block Diagram of MPAC Operation [Ref. 41
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is =Is 2 (2.3)

and from (2.2) we obtain

Sl s 2 + ( S l) * = 0 (2.4)

Therefore,

21S 1 11 S 1 21 cos (611 -6 12) 0 (2.5)

or

611 - 812 t7/2 . (2.6)

For inductive strips, e11 -e2 1 = +7/2 or 61 2 = 11 -e/2.

2. Model of the Strips in MPAC

The flow diagram of the MPAC is shown in Figure 2.7.

The operation of this program proceeds in a user interactive

manner. The method of describing the circuit is shown in

Figure 2.8.

One of the circuit elements in the MPAC library is

the "black box." The maximum number of black boxes, which the

program can use, is five.

Each inductive strip of the fin-line filter can be

represented by a black box. The standard form of the black

box in MPAC is shown in Figure 2.9.

24



A A'

E S1

Figure 2.6 Scattering Matrix of the Network

Therefore,

IS] :: and [ 5!:

Sl2 11l 1~2 11 -

where * denotes complex conjugate and - denotes the transpose.

Using the unitary property of [S], [S]-[S*] = [I], we obtain

S SI + S2* = 1 (2.1)

11 11 12 12

and

Sll S + S1 S 1  = 0 . (2.2)
1 1212 11

Thus, from (2.1) we obtain

23
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y

z

(a) side view of~ inductive strip

[Lx
_a

(b) end view of inductive strip

Figure 2.5 Fin-line Guide with Inductive Strip
[Ref. 5]
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A

Iy

input -4 septumb

Z

(a) side view of fin-line guide

leading edge
of septum

W°b

K- a

(b) end view of fin-line guide

Figure 2.4 Fin-line Guide with Septum [Ref. 5]
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I.

Several researchers have measured the characteris-

tics of sections of unilateral and bilateral fin-lines.

Practical fin-lines on 17 pm copper clad RT/Duroid 5880

having relatively narrow slots of width around 0.1 mm--0.4

mm in the Ka band (26.5-40 GHz), exhibit attenuation of

below 0.1 dB/wavelength (254 imsubstrate thickness) , while

this figure tends to increase to 0.15 dB/wavelength in the

E-band (60-90 GHz), (127 pmsubstrate) [Ref. 6].

B. MICRO-COMPACT (MPAC) PROGRAM

1. Scattering Matrix of the Inductive Strips

In the rectangular waveguide the dominant mode is

the TE1 0 and the E-field is extended in the y-direction in

the guide (Figure 2.4). However, in the fin-line guide as

w/b goes to zero, the cut-off frequency (f c) becomes lower.

But once w/b becomes zero such as in the case of the septum

or inductive strip (Figure 2.5), the dominant mode will not

propagate at normal operating frequencies [Ref. 5].

The inductive strip (thin metal plate) in fin-line

is reciprocal and symmetric and will be assumed lossless.

As a result, the scattering matrix of the network,

(Figure 2.6), is:

unitary

SSll = $22

symmetric (S21 = S12)

20
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The IC consists of a waveguide and an E-plane metal

printed-circuit part. Several configurations of fin-lines

ft may be used. These are shown in Figure 2.3 [Ref. 611.

CONDUCTORIPTRN~ DIELECTRIC SUSSTRRTE WRVEGUIDE MOUNT

BILRTERRL LINE

FINLINE

jIUCLRSUSPmNDED

p&4TIPO0ft.

Figure 2.3 Several Types of Fin-line and Strip
Transmission Line [Ref. 6]

Various other structures may also be mounted in a

* metal wave-guide housing split in the E-plane. There are a

large number of combinations of these which may be used to

realize special advantages in various applications.

19



Another important parameter for design purposes is the

characteristic impedance of the dominant mode [Ref. 73.

Knorr has computed the eigenfrequencies of fin-

line resonators and has described the equivalent short-

circuit reactance by using this method in his calculations

[Ref. 8].

b. Mode-Matching Technique

In this technique the fin-line structures in

the waveguide are divided in two regions. The expansion of

the unknown fields of each region is performed in terms of

the normal modes. So, at the interfaces between regions, the

* field must satisfy the continuity requirements.

The solution of boundary value problem of the

linear simultaneous equations, for the unknown model coeff-

cients, is based on the orthogonality property. The deriva-

tion of an infinite set of equations leads to the scattering

matrix for a discontinuity. In the case of the fin-line a

cascading technique can be used to develop an equivalent

- scattering matrix [Ref. 1].

El Hennawy and Schunemann have described a single

* or a double step in the slot width, symmetrical or unsymmetri-

cal using a mode-matching technique [Ref. 23].

4. E-Plane Printed Waveguides

During the last decade, the fin-line medium has been

combined with other planar waveguiding structures like

microstrip and coplanar line to form quite versatile mixed

waveguide integrated circuits (IC).

18
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[Ref. 9]. It was proved that the thickness of metal strips

effects a downward shift in the center frequency and a reduc-

tion in the passband bandwidth. Y.C. Shih suggested [Ref. 9),

the use of a thick metal strip for narrow-band design at

higher frequencies. The mode-matching technique is discussed

in detail in the next section of this chapter.

3. E-Plane Printed Circuit Discontinuities

The problem of the fin-line shorting septum is related

to the inductive strip. Konishi has published an approach

using field-expansion, which applies if there is no dielectri'.

in the structure [Ref. 21]. Hoefer and Pic have measured a
4r

large number of resonators in order to determine the equiva-

lent circuit of a short-circuit end-element [Ref. 221.

During recent years, the two most common approaches

to solving the discontinuity problem in fin-lines have been

the spectral domain method and the mode-matching technique

[Ref. 61.

a. Spectral Domain Method

In this method the propagation constant at a

given frequency is provided by using algebraic equations.

*' These algebraic equations are based on the Fourier transforms

of the E field between the fins.

The use of algebraic equations in the numericaliO
processing is an important advantage of this method. For

practical applications the knowledge of higher order modes

is essential to define the band for single mode operation.

17
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x

a

31

c E .

<E h -4D j- h, >

END VIEW

SIDE VIEW

Figure 2.2 End and Side Views of Fin-Line Cavity
[Ref. 21
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The effect of septum length was investigated by some

researchers. Knorr calculated numerically the septum reac-

tance for various values of distance from the leading edge

of the septum to the end of the cavity [Ref. 8].

In Figure 2.1, it is obvious that the reactance in-

creases rapidly as the length of the septum is increased and-

then saturates, for all frequencies. In the same figure it

is shown that the septum length required to reach maximum

reactance increases with frequency. Figure 2.2 shows the end

and side views of a fin line cavity.

'0 F-12 GHz

S.

6.

3 F-6 Gz

-" 23 ,5 10 IsI

" 'SEPTUMP LENGTH T/2 IN INCHES

:="Figure 2.1 Normalized Reactance Versus Length [Ref. 8]

t" 
J • ,Some filters of narrow bandwidth were designed by a

procedure which was based on the mode-watching technique

15



II. FIN LINE FILTERS

A. FIN LINE STRUCTURE

1. Planar Filters

The main use of fin-line in the mmW band is for the

E-plane circuit design. The axial inductive strips and

dielectric layers are suspended in the E-plane of rectangu-

lar waveguide.

Many experts have published various papers about fin-

line. The first approach of fin-line was for very special

purposes of orthogonal-mode launching in circular waveguides

[Ref. 6]. Meir purlished the first paper of the fin-line as

a new transmission line for mmW integrated circuits (ICs)

[Ref. 12].

The use of this approach to build bandpass filters

provides a higher Q (quality factor) and the possibility for

close integration of filters with semiconductor mounts

(including printed bias networks). Multiport channel-dropping

networks can be formed by combining filters and planar couplers.

* Typical unloaded Q values of 2500 at 12 GHz and 1600 at 32

GHz are provided by all metal resonator structures [Ref. 3].

2. Fin Line Characteristics

* .The main advantage of fin-line in relation with slot

line is that it does not require a high-K substrate to

. prevent radiation. The avoidance of high-K substrate is

Svery useful in mmWs where miniaturization problems appear

[Ref. 6].

14
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The purpose of this thesis is to further investigate the

accuracy of fin-line inductive strip scattering coefficients

computed using the spectral domain method. This is done by

,-" comparing MPAC predicted filter response with measured filter

response. For convenience, experiments were conducted in

the 8-12 GHz frequency range.

13
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MICRO-COMPACT (MPAC) is a COMPACT software computer

program that analyses and optimizes the performance of

cascaded two-port microwave circuits. MPAC runs on the

Hewlett-Packard 9845 B/T/C desktop computer with 186K of

memory. There are a number of mnemonic codes for elements,
connections and sub-circuits, which are used to operate the

MPAC [Ref. 4]. In this program, the circuit description is

entered into the computed by translating its schematic dia-

gram into MPAC code.

In a previous thesis, a spectral domain program was

developed to calculate scattering coefficients for inductive

strips in a fin-line [Ref. 2]. Scattering coefficients of

some inductive strips were measured directly using (a) a

slotted line and (b) a vector microwave network analyzer.

Good agreement between measured and computed scattering data

was obtained.

Fin-line resonators can be constructed using two identi-

cal strips to form a half wave cavity. The resonator response

(return loss, insertion loss, resonant frequency and Q)

depends upon the scattering coefficients (IS1 1 1, '11' IS2 1 1,

o e2) These are the independent scattering quantities for a

reciprocal, symmetric network (strip). Thus, measurement

of the four filter parameters will, in principle, permit the

computation of the scattering coefficients SII = S22 and

S =S The advantage over direct measurement is that a
21 12*

vector analyzer is not required since the filter parameters

are scalar quantities.

12
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ICIRCUIT DESCRIPTION

ELEMENTSSUB-CIRCUITS

NAME FCONNj TONS MNEMONIC STRG O

Figure 2.8 Description of the Entering Data [Ref. 41

0 7Iwo

Figure 2.9 Form of the Black Box Element
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The black box data are supplied from the keyboard by

the user in the final step before program execution. The

- prompt that requests data is:

Enter data (F,11,12,21,22) for TWO ref. No(l-5)

/CONT terminates input

Each line of entered data must consist of a frequency

value and four (4) sets of two numbers, which are the magni-

tude and angle values of the scattering parameters (Sll,S1 2,

S21'S22) of the inductive strip.

Appendix B contains the MPAC output for all filters

studied in this thesis. The output includes both the circuit

description (including strip scattering coefficients) and the

analysis results.

27
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III. ANALYSIS OF THE FIN LINE FILTERS

A. OVERVIEW

Fin-line filters have been designed and analyzed using

several different computer programs. K.B. Alexander and

S.R. Hamel designed and analyzed three types of E-plane fin-

line filters [Ref. 1], in order to validate their computer

aided design (CAD) program.

J.C. Deal analyzed the inductive discontinuity (strip)

in a fin-line structure and developed! two programs, FINCAV

and FINSTRP. The FINCAV program calculates the resonant-

length of a single resonant cavity and the corresponding

equivalent reactance of the shorting septum (inductive

discontinuity). The FINSTRP program calculates the odd and

even mode resonant lengths of two coupled resonant cavities

and the scattering (S) parameters of the inductive strip

[Ref. 21.

Each strip of the fin-line filter can be considered as

a "black box" element. The (MPAC) program can then be used

to predict the response of the filter. The "black box"

scattering coefficients required by the MPAC program were

computed using Deal's program.

B. FILTER CONSTRUCTION AND TEST

All filters were designed to resonant within the 8 to

12 GHz band where measurements could be made more easily and
I

accurately.

28



, o .. . . o . . • . - . ,, d , . - - 7 .- - pi . --- -J -. . - -- ..- . -. - . . . - - - -

r° Figures 3.1-3.5 show pictures of the E-plane fin struc-

ture for all filters. The black color of the pictures

represents the metal part (inductive strips) of the filter,

while the empty part inside the waveguide (resonators).

Filter #5 (Z = 1.40 cm) (Figure 3.4) has dielectric (E = 2.5)

instead of air (E = 1) , locking the inductive strips.
T

Table 1 contains the physical dimensions of strips and

resonators. Filters #1 and #2 (Figures 3.1, 3.2), were

constructed by Alexander and Hamel [Ref. 1] . All the other

filters were built by Knorr. Appendix A describes the mathe-

matical procedure for their design.

The filters were constructed of .002 in copper foil. The

electrical performance was measured using a HP-8409 Vector

Network Analyzer.

C. NUMERICAL RESULTS AND COMPARISON

Plots of insertion loss and return loss versus frequency

for all filters are shown in Figures 3.8 through 3.23. The

numerical curve is a plot of the MPAC predicted filter

response, while the experimental curve is a plot of the

response measured using the HP-8409.

Figures 3.9 and 3.11 show that the MPAC program does not

" work well for filters with a large number of inductive strips

(Filter #2). One of the reasons is the limitation of fre-

quency points for interpolation.

(Max. number of points) x (number of "black boxes") < 128

29
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Figure 3.1 Filter #1, Four Strips

4I

Figure 3.2 Filter #2, Seven Strips
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Figure 3.3 Filters #3, #4, Two Strips

Figure 3.4 Fi-lter #5 (Z. 1.40 cm), Two Strips,
with Dielectric
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TABLE 1

P Physical Dimensions of Filters

Filter # 1 2 3 4 5 6 7

# #Strips (S) 4 7 2 2 2 2 2

f Reson. (R) 3 6 1 1 1 1 1

w 1 1 1 1 1 .2612 .2638

S Si (an) .4995 .0906 .6197 .6223 .5588 .5285 .1695

S2 (an) 1.4252 .4794 .6324 .6350 .5080 .4925 .1745

S3 (cn) 1.4252 .5961 - - -- -

S 4 (an) .4995 .6134 -----

S 5(c) - .5961 -----

S6 (c) - .4794 -----

U S7 (an) - .0906 -----

P.1 (an) .9420 2.0500 1.3335 1.8288 1.400 1.6873 1.7109

R2 (an) .9180 2.1160 -----

I R3 (an) - 2.1195 -----

R4 (an) - 2.1195 -----

R5 (an) - 2.1160 -----

.9 R6 (an) - 2.0500 ----

* S 5~ S3i s4 :35 S, S71
R 2 R.3! R5, R61

33



The resonator length is another source of errors. It

was found that the value of length (Z) is very critical.

For example in Filter #5, with dielectric, for lower value

Z, there is a shift of the predicted response to the left

(e.g., decrease of Z by 0.03 cm results in 75 MHz shift,

Figures 3.18 and 3.19).

The curves in Figures 3.6 and 3.7 show the experimental

(circles) and the numerical (squares) values for 611 vs.

frequency for T = .2 inch and T = 0.05 inch inductive strips

as determined by Deal [Ref. 2]. In this case the fins were

centered with w/b = .25.

The experimental value of resonant frequency and the

measured length of the resonators for filters #6 and #7

provided new experimental values of ell for the inductive

strips used in these filters.

Good agreement between the new experimental values of

ell and the experimental values from Deal's measurements is

seen in Figures 3.6 and 3.7. It is satisfying that the

two different experimental methods produce results which

agree. Scalar analyzer measurements of resonant frequency

for Filter #6 and Filter #7 were used to calculate 611 for

the inductive strips used in these filters.

Good agreement between predicted and actual response

has been achieved for simple filters (see Figures 3.12-3.23).
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IV. CONCLUSIONS

The whole work of this thesis covered two major parts.

The first was a review of the mmW fin-line integrated circuits

technology, especially printed E-plane, and its applications

in Electronic Warfare. The second was the use of the MICRO-

COMPACT (MPAC) program to verify the accuracy of computed

scattering coefficients for inductive strips in fin-line.

There are some questions about the limits of the printed

E-plane circuits. It is not sure that they can be practically

used above 100 GHz.

Although Meir [Ref. 24], Meinel and Schmidt [Ref. 25]

have successfully produced fin-line circuits up to 120 GHz

and 170 GHz, some serious problems still remain. The print-

ing accuracy of the circuit is very critical and the limits

of fin-line structures in high power transmission have not

been investigated thoroughly [Ref. 6].

This is the reason why the fin-line is used for receiving

(low power) purposes only. Most of the communication, radar,

EW systems use receivers up to 90 GHz today. The 140 GHz

band is attractive for high-volume applications, military

terminal guidance and small size radars.

The MPAC program provides the capability to predict the

response of simple fin-line filters easily and quickly.

it is necessary to know the S-parameters for each element

_ntI',ct L,'m strip) of the circuit. Deal's program [Ref. 2]
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can be used for the calculation of S-parameters. For the

simple resonant cavity Deal found 2% agreement between

numerical and experimental results.

Good agreement between MPAC predictions and experimental

results has been achieved for the single resonant cavity

filters. In addition, for Filters #6 and #7, it has been

shown that there is agreement between Deal's experimental

results and scalar analyzer results (Figures 3.5 and 3.6)

*g obtained in this study.

The number of interpolating points in MPAC analysis

depends on the number of inductive strips (black boxes) of

* the fin-line filter. As the number of inductive strips

increases, the number of interpolating points decreases.

The distance between inductive strips is more critical

than the strip length in determining the resonant frequency

of a fin-line cavity.
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APPENDIX A

CALCULATION OF FILTER DESIGN DATA

All test filters (except #1, #2) are built with two

inductive strips and one resonator between them. WR(90)

waveguide is used as the shield (cutoff frequency, f = 6.569).

Figure A.1 shows the equivalent circuit of a fin-line

filter with two inductive strips and a length of fin-line

between them.

IS] Is] Zc

Figure A.1 Equivalent Circuit of Fin Line Filter

1. Calculation of the Resonator Length:

At resonance,

-B2 + 11- £ + e = n27r (A.1)
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Since e ii e22 ' then

-Z n7 (A.2)

and for first resonance, n =0. Thus

01 -z 0 or z =-- (A. 3)

where:

3: phase-shift constant;

Z: length of resonator;

eil01 angles of scattering coefficients.

2. Calculation of the Phase Constant:

For any fin-line the phase constant is

- 27T 21 (A.4)

where:

* f : cutoffn frequency;

f resu o na frequency;

A': waveguide wavelength;

* A" free space wavelength.

The value (X/X') is obtained by Deal's (FINSTRP) program.

By using equations (A.3) and (A.4) , the results of Table 2

are obtained.
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TABLE 2

Values of Resonator Lengths

FILTERS # 3 4 6 7

LENGTHS (cm) 1.38 1.86 1.6936 1.688

In the case of Filters #5 (Z = 1.40 cm) and #5(a)

(Z = 1.43 cm) the resonator between two inductive strips is

modeled as a two port "black box" with the following S-parameters:

= = 0 011 $22 -

S21 = S12 = 1 012

and

012 = .

The value of Z is calculated by using equations (A.3) and

(A.4) and Z is the real resonant length. All values of (3 )

are summarized in Table 3.
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TABLE 3

Angle 012 6Z-& in Degrees

FREQUENCY 019 for Filter #5 e12 for Filter #5(a)

(in GHz) Z 1. 40 cm) (Z =1.43 cm)

8 -88.6 -90.5

9 -115 -117.4

10 -138.3 -141.23

11 -160.85 -164.3

12 -181.62 -185.5
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APPENDIX B

ANALYSIS IN MPAC

TABLE 4

Analysis of Filter #1

WRITE

( ItNITIALIZIIG FiPP'rS

KE,-IN or LOA D circuit' (il or L'
I

K
Ke--in clt description: th*n enter frequencies

TWO I WG 6.569 .9435 TWO 2 HOLD I USE I WG 6.569 .918 USE -1
9

STEP 8 12 .1 STEP 11 12 .05

Sorting frequencies

EDIT, RUN, STORE, STOP' (E, 'RP. STORE or STOP?
I

E
<Editor> CONT exits to ROnalvsis:
LI 

I

US 0
Select prit,liis device -,CPT, or PRIIITER)

P

GH: ON NH PF CM ZR- 50

SDS

10 TWO I CRS

20 WG CRS 6.569 .1435

30 TWO 2 CPS
491 HOLD I CAS

50 USE I CR5

60 WC CRS 6.569 .919
-"70 USE -1 CPS

Frqouencies ? 3.1 S.2 8.2 F.4 8. 5 S.6 8.7 8. 5 S.- - 9.1 9. 33
9.4 9.5 9.6 9.7 9.9 q.' 10 10.1 10.2 16.? 10.4 10.5 10.6 113.-

10.8 I0A II 11.85 11.1 11.15 11. 11. 11.2"! 11. 1 .4 11.4 11.45 .5

11.55 11.6 11.65 11.7 11.7' 11.8 11.85 11.9 11.95 12

(Editor> CONT exits to 'ArLig

* . p
',j- P

Ener data (IF.tI,12.21,2 for TWO I

< CONT> terminates input

8 .91q,156 .2,69 .2,69 .939,156

9 .95,137 .31,48 .31.48 .9-,137

10 .91, 126 .4.37.5 .4, 37., Ql. l,

11 .868,115 .4q,25.5 .49.25.5 . 8,115

12 .81,102.9 .58,14 158,14 81,102.9

< .5S S,,,Hi,OR Z

5.

.-. 4.. N >-. ....
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TABLE 5

Analysis of Filter #1 (Cont.)

*

RI,<MP>,OP DB

Pip

Do You want to store thi3 data i t e c. at I .f., 1 ,
N
( Interpoi lat i ng

Enter data (F,1l.1f,21,2. for TWO 2
( CONT> trminaltes input

8 .999,152 .03Z.62.5 .832,62.5 .999,152

9 .997,13.8 .055.48 .055.48 .997,139.8

18 .991,124 .885,38.3 .085.39.3 .991.124

11 .99,13.9.13,21.5.I?. 1.5.7.1l3.9

12 .975,97.3 .22,7.0 .22,7.0 .97 .97.3

(S>.CH,,',OR Z

S

RI, MP,.F Jb

MP

Do you w ant to Store this ia 'a di .,)tc@ iif. .,Y H ii'

N
( I~t ervoat ing>

(Analy3sis.
Select print/list devuice -CRT) or PRINTER)

P
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to

TABLE 6

VAnalysis of Filter #1 (Cont.)

S-14,ATPYI" IN MRG11ITUrE 0R2D HR8E+'1 12 32,

FREI MAG ANC DE ANG D: rilG u; , tG
" 9.000 .95 156.4 -204. 76 -64S 72 04. .

6.100 .961 154. 0 -1 0 * -10. 14.0
200 .365 151.6 -101 . 641 101 C 6 151 t

,300 .969 149.4 -99•5 6 • 9,4 52 *0. . 49.4

e.400 .973 147.2 -97,74 1 -97.74 !:.I . 3 .
8.500 .977 145.2 -95. 4 54 .4 - 94 7 z
8.600 .982 14t•2 -64. 11 5 .1 -94. 11 5z•I .9z 14 .."

- - 8.700 .961 141.3 -92• , 56. - z. 26 50.2 4 87 141.
8.808 .192 139.4 -90• 3S 40 6 -0. ?q 48.6 ??"2 1,!?.4
8.900 •944 137.? -e8.48 4 .9 - P.. 4? 47. .9 127.

9. 000 1.000 135.9 -6.4 46.2. -8 .54 43. 0 1 .
9.100 999 134.6 -$4 •5 40:•1 -E-4. 52 4?,1 1 4. $

9.200 999 133.2 -82 48 43. -1 O 4S 4"A. . 9
9.300 906 131. 8 -) 42 48 -A-0 41 4 E-
9.400 998 1 ?0. 3 4? " -7 401 4 E

9.500 .999 1q. 8 -76. 16 4. 93 -7t, te 49.'
9.600 .99 127.2 -'7.. 95 41.3 - 3.95 4S. .9, 1 2.
9.700 997 125.6 18 .9 -71.8 469 , 25.6
9800 .997 1. -69 4 4. 1 o= 4 45.1 1
9.900 .99 I 2. I -6E. 2 4-9 - 2 r 4Z.? IZ.

10.00 .998 1C .2O -64.40 40.? 4. 4C 40. '
101 10 0.97.

2
9 Z9. I Lt

10.20 2.00 OtO 1I0- 96 3". 5¢6 :: 1,0f 1

10.30 1.000 9 - 0. 1 0 . 1 .00 1 1.t
10 40 1.001 111.2 -54. 07 26 0 -54.07 2.-. C0
10.50 1.001 q..? -50,. . 94 [.5 Q"1' 10.2
10.60 1.002 1051.1 -47.5- 16.6. -4 .5 1... 1-00 105.1

10.70 1.002 101.4 -4'.79 IjI -4' -7 11.1 1.EH 101.4

10.90 1.001 9.e -3 ?95 4.e - 9 4 . 1
10,90 1.000 91.2 -34. 7 -:, -~'4. S7 -2.. 1 .00 1
12 .00 -5-' 6 ' 48 2: -1 -Z .. -12. 3 6
12 .05 .9ql 7S.6 -2 .45 -18.4 42..45 -1:.4 . 9 I 7:.
22.20 •934 7 . - 2 : 4 - ~ +£ .8 ~ ".! 25 :g4 7

q115 .'70 64.C -19.5 -35."
2 2 .20 .?41 54.0 -25.50 -47.? -? I I. 25 -47.? . 841 .54. C
,12.5 .876 38.9 -11.16 -610 -22.26 -E-7. .7."
I30 .?. 17. -6.85 -92-9 4.

S2.35 .443 -9.4 -3i.57 -127.7 7 , 441 4

11.40 1 -77 -21. 1 -202 -164.4 -- 01 -1 4.4 17. 1
1.45 .064 -i;.o -1.43 163.5 -1.49 I'3. -12.P
1.50 .0?7 -109.7 -1.16 135.2 -1I t" 1 . •-"I - -t IL .7

S1.55 .145 -266.4 -2.10 109.0 -I.IA 10 .? 1.' -I:', 4

11.60 .254 16P.9 -1.17 e65.0 -1.1 P5.0 Z154
11.65 .309 147.0 -1.15 .2. E -2 I . . 90:" 14".0
11.70 .271 123.8 -. 4 40. 7- 40 . -

21,75 0 6 .8 -. 4' 14.0 -. 41
1 1.80 256 -104.0 -.64 -2.69 -. 4l , 2 104. 0
11.85 .6.2? -141.3 -2.6.5 -52. - -1.
2 1.90 .8059 -167.0 -5.82 -77.0 -0., -77.0 A 0. -1 .0
11.95 .841 276.3 --. 02 - $3.0 -9 .0 C 41 176.3

202.00 .9217 2..0 -. -203.? 2, 103. 21? 0

61
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I-

TABLE 7

Analysis of Filter #2

WRITE
ITIAL1 I INC ARRAYS2

KEY-IN or LORD circuit, '(I or L>
I

K
k.c-in Cict dOccripi Ion: then iiij t..tsf'+ ij

TWO I NG 6.569 2.05 TWO 2 1 tF 6 3.5 2.11 TWO HOL D I USE I WG I.56 2.103

TWO 4 WG 6.569 2.136 USE -I

STEP 8 12 .2 STEP 8.5 8.720 82
Sorting frequnc Is
EDIT, RUN, STORE, STOP' (E, (k7, STORE or STOP,

E

<Editor> CONT exits to <AnalIusi;

LIS 0
Select print$list d4'ice (<CPT or PPINTER'

P
CHZ OH NH PF CM ZP. 5e
SDF
10 TWO I CR
20 WG CRS 6.56c 2.053 3 TO a (cAS

40 WG CRS 6.569 2.116
5 TWO 3 CR6
6e HOLD I CR6
16 USE I CRS

80 WC CR9 6.569 2.103
90 TWO 4 CRS
too uc CRS 6.569 2.136
110 USE -1 CR5

Frequencies: E. 8.2 9.4 8.! .2 8.54 E.5E 6?. S? - c.. ;. .64 8.a6.
8.68 8.? 8.72 8.? q 9. ;.4 9.6 1.. 10 10.2 10.4 3 . 1 8 11
11.2 11.4 . 11. 1. 1I

<Editor> CONT c-its to Rrsla ysi z

-
Enter data (F,11,2,21.22, for TWO I
. COFT> terminates input

S.6,142.75.5685,5'.95 .5685,53.95 75

9 .674,129.6 .722,38.95 .?225.38. 95 .674,129.6

I0 .595,120.7 .7895,31.85 .7895,3?.85 .59, 320.7

11 .5331.114.4 .846e,24." .46024.OF 53?1.114.4

12 .48,Lt8.75 .8735,19.55 .8735,t9.5, .48,10e.75

S',CHYOR Z

S
RI,<MP>,OP DD

MIP
Do you want to store ihis 1ai In a devie fll ('y, N,

62
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TABLE 8

Analysis of Filter #2 (Cont.)

N
I tit erpo I at i n

Enter data 'F,1l,12,21,2 f o, TWO
C. CONT> tqrt'ilatqs inpyt

5

8 . ,37156.5 .251.66 .75 1 6. ,.75 .9375,15i.75

9 .9345,136.75 .349,47.25 349,47,2 .9345.13.75

10 .8 845, 125. 55 , 445, 35. 65 .445., 35. C5 .084 , 1 .55
7
I1 .8285,115.05 .5335.25.$5 .5?- -.2-.85 . 2 5.11..05

12 .7755.183.7 .E195,14.4 .6105.14.- .7755,le..7

ISN,H,,.OR Z

R1.(tlP OP D
I

MP

Do you want to store this data in a dC',ice (I* - i. N
N
<Interpolating
Enter data (F,11.12.21.22) (or TWO 3
<' CONT) terminates input
I

8 .977,156.77 .1992,68.02 .1892,68.82 .977,158.77

9 .9597,137.47 .2718,48 .2713,48 .95Q7,137.47

10 .q278.125.62 .3518.35.87.2518,35.87 . -78,125.62

11 .884,114.6 5.4-9525.4
- 

.4?V5.5.45 .694,Il4.6 .

12 .8362,102.03 . . 2.13. .53Z.13.3- .93.i Z.0 .

(S C ,,,OP Z

S
R1,<MP,,OP DR

PIP
Do you .,&.,t to S tore h It S&aa In a I IicE ti .

H

, Interpola' in9
Enter data 'F,II.1,2.1,2;1 - r TWO 4

,COIT ' tertinateas input

9 .495 15. 6 .lcs.7A'.l3!.6.I5. 4p .l52.65

9 .q(05, I''-.6 .2e- . E .>5,48 . '0 ,13".6!

18 .9183, IS' V 13. 35, 1 14~ 3 A -- o 4.

II .88 ,l14.5 . ,5.54 -.274, 4 ,97,k I4.

:2 *8385.18I. 5 .5295,12,9! .5;?5,12A! .8:ias.101. 5

1S>.C.N. .08 2

S
P1,,MP,.OPl DR

MPP
Do you want to ttorq this da4ta iii ft '3t'jC "iIt 'Y

N
"Interp~olat ing)

Select print list Clvc PT or PPIIATEPI

P
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RErRODUCED AT GOVERNMENr EXPENSE

TABLE 9

Analysis of Filter #2 (Cont.)

$-MATR P: IN MAGNITUDE FIII PHASE
11 12 2.1

FPEQ MAG AtII LI81 AHG [p 014NG 2iC2 RIG

s.000 .976 121. 5 -S7.15 .6 -87.15 6 .7 i7.5
S.200 .937 103.5 -f 3.2.2 -1.1 -6 1. 2 1 937 1l0.5
8.400 7 46. -23.47 -P5.0 -23. 47 -. 0 .77 45.2
8.560 .0.7 - ll 1 -5.14 83.9 -5.14 :3.9 ,128 10:3.9
.5 142 17.74 .5 -4 . 55 458. 4 9 48. 6 147 93.3
.540 * 1' 1 .0 -4.14 14.6 -4. 14 16.6 132 33.4
8.56 0 .Q4 145.2 -3.81 -13.2 .1 ' .075 81.8
8.530 .19 14' . -3.54 -41.6 -41.A .021 -38.9
8.600 215 144.6 -3.38? -68-. . S IZ.121 -144.4
8.620 .246 I e. -3.26 --4.8 e z 4 -0$ -1 :6.0
8.640 25 Z6. 4 -1.17 -119.6 17 .1 21 175.6
e.860 2 l0. -3.0? -144.. 4' Q275 10.2
S.690 1ei ?0.5 1 -2 . 35 -1z 177 255 143.
9.7ne 007 E 1 -2 .,67 1 6.. .1 14:3. 7

8.720 037 -307. -2.52 144.7 -2.5- 144.7 .92 145.2
8.800 .83 -144.' -2.29 47.0 - 077 87.1
9.000 .940 -143.5 -23.01 134.7 _Z1.01 194.7 .143 -144.8
9.200 .967 178.0 -44.89 93.9 -44.3? 93. 967 177.9

9.4E .968 16..2 -5 .56 77.1 -5-.56 77.1 8*68 162.2
9.608 .69 15,.0 -63.59 S6.5 - 6 t.5 969 152.0
9.800 .971 144.2 -67.80 58.4 -S .4 371 244.2
10.60 .?75 137.5 -69.99 .51.5 6?9 51. 975 137.4
18.20 .q92 131.2 -7e.43 45. -70.41 45.1 982 131.2
10.40 .997 125.1 -69.68 3 . -6'.6 3.8 987 125.1
10.60 .991 119.1 -67.83 32.4 8332.4 ?1 111.0
10.80 .993 112.7 -84.87 -5.7 -54. 87 .. 7 ?93 112.7

.00 .995 105.9 -60.75 IS.4 -.,50. 7 ! I .4 9.*g 105.9
11.20 .9 .7 98.2 -35. 28 10.2. - 5. -8 10.2 997 ,:B. 2

11.40 .?9q %?3.2 -4?. 14 .6 -4:. 14 . ' : 89.1
11.60 .999 77.5 -3.. 6 1 -1I.7 e I -1.7 7..3
11.90 .939 51.0 -24.6? -31.1 T4 .2
12.00 .68 88.7 -.3; -155.3I. .154 144.1
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REPRODUCED AT GOVERNMENr EXPENSE

TABLE 10

Analysis of Filter #3

WRITE
-IIITILI1IG ERAiS
kE,-IN or LOAD cr-cuit ' v' or L,

Pei-in ck t dezcripti:on then entr frequenciTes

TWO I HOLD I USE I WG 6.5t93? I .375 LSE -1

STEP 9 1- .05 STEP ?.q tO. .025
Sort ingJ (reQuenc ies

EDIT, RUN, STOPE. STOP' -E. R. STOPE or _¢TOP,

E
'Editor> CONT i*its to Rnalisis>

LIS 0
Select print list di ce CPT or FIITEP-

P

GH. OH NH F' CM Z = 50
SDF
10 TWO I CPS
20 HOLD I CPS
30 USE I CAS
40 WC CAS 6.569 1.3335
50 USE -1 CAS

Fri.quenc ei: 9 8.05 8.! 0.15 0.2 8.2. '_ 3.4 7.45 T.! 8.5' s.

5.65 8.7 8.75 0.8 S.35 T. .95 tO! .235
94 .4!1 9.5c 9.5 tO tO! 9j 3.7 175o~

IO 16.025 13.05 10.075 10.1 10. 125 10.1! it 17" 1O.3 I V.-25 10 25
10.275 10.' 10.3-5 10.w! 10.*75 10.4 2, i '.. 4' !,.4 13.5 10. 525
!0.55 10.57' 1(.0 0.02!1 - ! . - .O.7T 7 .- 10.. 2! 10.7! 10.775 I'3.S
Ic. 825 10.05 10.975. 1I..' I C. 5 11 11.0! 11.: ;.:! 11.2 11.:5 11.3
11.3' 1.4 11.4! 11.5 11.5! 11.0 11.0! 11. .7! 1. 11.! II.

q

11.95 12

(Editor' CONT exits to kpalsis

Enter datla lel12212 ci IL I
V COlT tqrminates not

.77,15.77 .I092.60.62 .1"3 2.0.0. . ,7-,1!9.

9 .95Q7,137.47 .719.45 .2 IS.44

10 .127e,125.62 .351-.2.97 .?.13.35.97 .;.73,125.62

11 .L84,114.6- .4395.25.4! .4705.,25.45 .QP4.I4.,,5

12 .8362,102.P2 .532,13.37 .532.13.37 .83Z.102.?0

<S"G,H,Yf,OIP

S
9.MP>,OP DB

MP
Do vci jan, to store this data in a detce f ile . ii
N

lo ArPC ,I t in
"An a Ivs i

S$ $c' prin' istl d#-ice 'CPT o F- IIITEP

P
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REPRODUCED AT GOVERNMENr EXPENSE

TABLE 11

Analysis of Filter #3 (Cont.)

5-2 CTP1: IN1 MAGIITUDE, AfD P HR=',E

II 12 21

FREO MRA, RNG DB an'; u M WI

9.30e 995 158.7 472 67.2 72 7.

e. 50 . 30 65.6 -4 0 0 ? ?

8.2-50 154. 41 A 2.8 1'4.7

8.20 ' 15 .4 - 1.4 4
o '0 , :526 Zl 4" 6'_- 2,i - 1 4 ''.L .,, 5 .

3.200 Z - .01 5'.v -e 01
8,35 $6 149.6 - 1.5-? 17.9 - J.- [ . . 5. 149.-A

350 47. 6 52 .6 147.1

,=1 _ 4_.9 " 4. 01 54 145.
-4,= O 7 144.9 - 4 4' 5 . L 

.  
. -" ? - 4 -

400 IC, 14236 -142.

, -- 50 .= a 14 -. 5 -i . j .7 -- ;.41 1!.- ' 14-.5

. A0 :' : 4 . -27.-4 S . -2' : (. : 141.'
SI 4 ,I. -0 41

7- 4"

" 4' 4

' '6 -5. " 5 3 41'0 1 4 ." - 5 4-.

1 164 - 91 .4 5: 15.

. 1; . 4; 14, - 4. Z . 45 - 4. 44 , 4
I. '5 .p 1 ?1. 3 -- . 6 44., -6 , 4 44. -¢' I .

I t 09 133.0 93.47 42.6 007 1 0

1 .4 1 . 42, -4 2 4:1.
: 00 11' 1'l, - 1 77 41 .4 - 1.77 4 1 .4 -1 0

0 4'' 0. 0" - I- 4 .' "

41 21
11 40 Z3. - . . co

I 13 I:- I22 . i - 0 -

4 122.

.?aO .- 41 97. t L .7 -I4. - .T . -Z4 12 .

I . 7 - 1 , 4 1

?0.
0 .3 147 1 '3 . 14. 4 w 0 1 1 4 ._ -47' -

26.0 Z7 ' 0 106.6 --. 4 --1..10 , 2 1'( 1o
"  

71 . -. 'I
t  

3 7 - J 3 - 5 71 ,

10.21, .,: 1'2.(, - 2
¢ . 

v ,U. -;, -¢ ,.; 4 11 .0

10. 9 I .4 1 .q 19,,4 --. 1;-

.1p 162." 2 I - .
2.25 I . -. - : .-6

I.2 56.04 7 7 ; 41 4 1". ' 4. .c 26 .-

13.3 .654 27.' -3.,5 42. -." -42. 6 .s5; "13.A

10.5 19 9 .9 -I04 - - .0 - . +66 -
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REPRODUCED AT GOVERNMENr EXPENSE

TABLE 12

Analysis of Filter #3 (Cont.)

10.32 .7 o4 1 O 3 -4. 19 14 9 1 10 . 160 .
10.35 .74 _ 15 1 -4.7 hIO .7 -4. -106.7 4 ! 157.1

10.38 .7-S 154. 3 -5. -110. 0 -5. -II'.0 .77 C 154.3

10.48 .904 151.8 -5. 11 -11Z.9 -5.90 - I I1 . 9 . 4 151.8

10.43 .SZKE 14q. 6 -4.41 -1 15.4 - 41 -I 5.4
10.45 S44 147,7 -6. -j 7. - -117.6 -44 147.7

10.48 .858 145.1 -7. -11 * -7.- -119 . t eT:
'  

145 .

10.50 q 70 144.3 -7.7 - I.4 -7.O7 C -121.4 '70 144.3

10.53 .81 14 -

10.55 ?S9 141.5 - 5P' -144.5 - -. 4.5 141 .5
10.59 7 140.3 ?7 -'2 . e - I - 5 .1-?7 1 40.

10.60 03 1131.l I 21 -1'7.0 -127 . ?03 I -'4.

10.63 904 13 . 1 51 -1:8. z 51 12,3.2 ."0 I I
0 . .A 14 117. 1 -Q. 0 -1I -'4. 3 - 1.$ -1 3 9 14 1 :7 . 1

10.70 513 .3 -10. 4 4

10.73 1 34.4 -- 10.. -1 ' . V ?4. 4
1 7 m 9 1 -10.:[! " .0 -, - . .2 ' I--.

10.78 1 ?

10.80 ? 4 1 4 11.;-4 4 4 4. -11. 4 1

10.53 ? 1 I.4 1t.44 1 ' . 4 1 1 .44 -1_ . I 1 I.4
1 .$ 91 13 . I .g ,. - t 2 - 3 1 7 1 0.9

10.83 "40 1 0 .1 -l .I ~0 3,.. P 11.40 -13 4 1 0.I

10.30 ?41 129.5 -;I.<7 .4 11 .97 1 4 "41 1 ? .. '3
10.95 .944 12'.3 - ' -133.7 -12.21 21"1-p. 944 1,.,

11.00 947 127.I -I I .P -1 3 19.9 1 41' 1- 1

11.05 949 129.0 -11.30 -141.1 -1z.I 0 -141.1 . 49 126.

11.10 1950 12'0 -'.C' -142.2 - 1 0 14 2..S0 .0
11.113. .? 2 12 . - -143.3 14

11.20 95: 12 -144.4 -1-..41 -144.4 1z .

11.25 54 122 0 S -14 .4 -1 . -14 44

1"30 955 1 1.0 146. 4 1 . 1 -14-4 .4
1:.35 <56 0 1 - ? 114 . 1<. 1 7 . 5_ --.

1:4 495 .l I I 7.<4.
11.45 _.857 1 . ' - 4 -1 ,4 -14S.2 ?-7 11?.1

11.48 95 11--I Z -14.I 3 -1 . 14.0 14 58 1I:3.-
1 50 q. , 1 1 17. 3 -14. 11 1'0.. -14. 11 1I-O. Z 95 1 17 .

11.55 .35< lIp,4 -14.1< -1II. 14.1< -111V ~1.
1:. 0 . 60 1 . -14.2- -1 0 14.' -1 .0 ' 0 115.

5 .9E1 114. -14. 7 1 -14.6 4 z 1 . 114.1
1 70 .1EI 1 13.7 -14. -1 7 -14.- -1 -5- .' A 1 1 , 7

I . ..1 4. 7 14 -- 1- .

:75 . 12 1 0 .1 -14. 1 -1- 4 -14.-1 1-7.4
11.45 .96 1 5- 14. 1 c*
119 .96 AI- 14 I V 41.95 .965 18¢¢ * -14.2' - :"._ 1 . , 1 .3 9-'5 .

12.88 .66 108. 2 14. ?6' I 1 . C-- 2
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REPRODUCED AT GOVERNMEN F EXPENSE

TABLE 26

Analysis of Filter t7 (Cont.)

F A IN T 1 F1

F PEO m~R A 14,- F t4 L A,; 1, ANG

9.,000 .939 153.. t.-.E. 94 Co.. .C.90 tS.7 ,'99 5 -3. 7

9.450 999 - . -159. 13

8.100 .99 157'5 '2. 37' 7. -- . b,7. '49 I5 ,9

-£ . 244 .9'" i5"0 -2 .:3 3 '4 si 2 -2'1 7. v9 170

.250 . e 15-.6 - . G4 5.7' C5. l.

C.300 ,994 5 . 1 ,2 -t' 9 1 1
3.250 .93' 15'. ' - .9 ' 5. -'" 9 ."5.7 9 .6

8.400 .9 0 2' '4 E. I 2 7 155.0

e.450 .'9 14 4 -714 14 ' l'4. 4

?.500 .3% 15.
.550 .935 14 . - . .

8.650 3%" 1l1 7.3 ' ?

. 700 . ?9 3 14 . - 1 0 14 ,

S.-0 .3? 31 - 1 4 4.' 15.71 5? 5 ?*7 14- 4

8. .9q3 1 -1441 4t -14 4 4 4. 0 14 6

8. 0 . : 0 14t.2 -14. 1 - 2 1 4. 12 5'1.' 9 14 .2

9.82 .97 ' 45. -1 .9 =5 9 I 9 - . 57 14 , 8

S.930 .'7 145. 3 -I ? 4 ? 13.54 5. 3 477 14'5.3

8.840 .976 144.9 -12.'4 '4.? 1 .24 54. 9,6 144.'1

8.850 .q74 144.4 -1I.97 .4.3 - - -- -- 54.3 .74 144.4

R.8E .17"2 143.e -12.61 !3.9 -12.61 5 .C .72 142.9

9.179 0 .7 14?. 2 - 12.21" 5".-1. 2 -12.2 I 5. '970 14_.2

9.8.9 4-(7 142.. -I1.94 52.8 -11.'4 . 97 142.6

ee94 -44 t41. - t,=4 !I.? -1I.- 5t." 144 14 0
8.-00 9 1 141.1 -11.Z4 5t.2 -11.Z.4 ;t.- 1 14 .

9.00 .94 ?I 4 51 141
. 10 .3 140. 10 19 'C .4 -10. 7 ! .4 "5" 140.5

S.9 0 9204 1 7 1 '. 4" 49. -10.4? 4' 6 ?4 1_ -

?.3. 30 '4 ' 1 0 0 43.7 -10.1e 4 .7 4
, . 44e . 44 1 ~' . ? -4.639 47.S, - . : 47.c.: :'44 1,7.q

9. 50 9 0 136.8 -. 7 4,=". 7 41t :* 2 7 ?_' 1-" ,.

8.970 .92i 14.5 -S.3 44.3 444

. q44 914 10 -7 92 4 .4 : 01 I ' .-

9. . 924 l1 . -7.44 4 .5 44 4- l ',

.388 S91 4I 3.0 -E. 41. - 9. -1 I '

3.410 977 12q.2 - 42 '3 - 4"; 12
"9.020 e4 12 . 2 -5r' 96 0 -5 ? ,:,0 .-:0 2 ,

3.030 8 1 4 -5. 5 3?. -.,= 3 3 ' S 4u 1 3. 
1

'.040 915 1 1 4 -4. 7 1 -4. 1.2 q1'5 1 1 4

9.350 794 1122 4. ..2 2' -4 .786 1I-_ 6

0'.9 04 - 74 -4 1-5.2 .761 115.4

7e. I I 4I I - PI.' - . 1. 1 .lE,
Aso f- K 7 107.9 -? 4 4 17 .1- - 4

a  
17. 1. 10., 7O ,.

'.1@ . 2 I 0 5.1 107 4 I

,.114 435 43! 9 4
-.41 0 1 - 4 r4

1 2. 7 -. 24 1 .7 -10.7 7 .g

.4 - 17. 07 - 7 0 7 4

..154 017 -24.8 -. 02 -24.9 .017 -121.0

.1 0 13 -31. -. 1 -31. I

?.17 25 9 - -1 4 S 4 2 1 -'1

4,14 '' 34. - 60 -44.7 - . c -44. 4 . 1 4.4 9

'.243- 0.2 .4 4l 37 4n
4121 .1' .4 4 1 1" I't.

2224 .' 4 ' C4 . 4'14

.230 1 4 , 4 - - 7. 4,

9.250 .26 74 .- 1 1 14 0'.240. . -445 - 4 4 -. _ . ,. I.4.5 . 4 " - 5.
9.30 .844 3142. - ".9 -"4 -'4 -44. (4{? -194
9.358 .31 -11., -. 78 -91.4 -7.78 -3T3.4 '1 17'.5

.n .9 7166.4 -4, 0 -' ,4 -4.27 -7. 4 4 5.4
Q'1 00 S. : 4 -174. 2 - _9--4. - 99 ? -_ 4.. . 4 -174.

9. 310 ."412 17". -7 7 0 4-. q_ i - .4 4'12 1 7 q. 5

"4. 400 .91q 1 77. 4 -4:.24 -44. 5 - 24 - .5 , 313 17!. 4

q.450 .354 172Z. 4 -13.46 -4".5 -3.4 -- 755 .54 >42.4

9. 51 .344 17-.2 -11 4' - '. 7 -1 4' -'4,7 . ',4 17 .2

9. 5 , 74 149.5 -12.37 -134 3 - 12.37 151 -.S . - 3 2.5
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RErRODUCED AT GOVERNMEN r EXPENSE

TABLE 25

Analysis of Filter #7

WR I TE

<INITIALIZING ARPAt>
KEY-IN or LOAD circuit' 'if' or L)

key-.n ckt description: then ente,- irquen.:,es

TWO I HOLD I USE I 1.G 5.08 1.70' USE -1

STEP 8 12 .05 STEP 9.8 10.2 .01
Limit of 128 freQ.l -- first 128 accepted

Sort trig frequenc tes

EDIT, RUN, STORE, STOP
- 

'E. <R., STORE or STOP,
I

E
(Editor) CONT e-its to <i'alvsis

LIT 0
Select print/list df.uice 'CRT' or PPIHTEP>
I

P
GHZ OH NH PF CM ZRx 50
SDB
18 TWO I CAS
20 HOLD I CS
30 USE I CS
40 WG2 CS 5.80 1.7109
50 USE -1 GAS

Feq.uencies: .05 8.1 R.15 9..2 8.2 .' T.1 " .4 :.4 - .5 T .. 9.

e.65 0. . . 8.91 9.82 z .83 8.94 8.85 6.- '.7 ?. -.F- -.3

6.41 9.92 8.'3 9.94 '.95 8.96 .'7 1.9 3 .9' - '.01 4.02 4.0, 1.04
9.05 9.06 9.07 .08 '.09 ?.1 .11 9.1j ;.1? ?.14 3.15 '.16 3.17

?.1 e9.19 .2, '.2Z1 '.22 4.231 '.24 '.5 3 .24 ' 35 34 K45 1.5
9.'. ' .6 9.65 9.7 3.75 '.8 '.2. 3.I 9 (. 10 C0.0! io.1 I0. 15 10.2

10.25 10.3 10.35 10.4 10.45 10.5! 10. 10.6 10.65 IL. 7 1.7 10.8

10,85 10.9 20.95 II 11.05 11.I 11.15 11.2 11.25 II,. 11.- I 7 11.4

11.45 1.5 11.55 11.6 11.6 I1I.7 11.7! 11. I .85 II. ' 11.9 5 12

(Editor>* CONT vcits to <nalvsis'

R
Enter data iFS 11,12., 1,22' for TWO I
</ CONT> terminates input
I

8 .975,160.833 .222.70.833 .222.70.833 .975, 160.83?
9

9 .964156.666 .265.66.668 .265.66.646 .96. ,156.66

10 .943.152.916 .332.6 2.916 .332.62.326 '43.152..1-

11 .921,147.50 .3),5?.!0.3895.50 .21.14.50

12 .893,142.50 .450,5Z.50 .450.,Z.50 .89-142.50
9

<SN,GH,Y,OR Z

S

RI,(MP>,OP IP

MP
Do you ijant to store this dtat 4 .. icq tile - ' ' , N,
N
< Interpotat ing>
<Ant I vs i s
Select print'list deuce CPT Or F'INTEP,
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RErRODUCED AT GOVERNMENr EXPENSE

TABLE 24

Analysis of Filter #6 (Cont.)

.209 .355 140.5 -lI.30 -51.5 -21.00 51.5" .355 240.5
9.218 * 48 235.9 -'.34 4.1, -3.34 43.. '4$ 235.9
4.220 4 1 : .4 -7.35 42. -7 . 42. . l _3I.4
3.230 .347 122.3 -4.' 14.5 -4.95 34.5 T.4 I .
9,48 .0 7" 185.4 -2.14 .. -2.14 19.2 . &7 135.4
9.258 .1 6' -. . 4

.26 3 -45.4 -45. 4
.22. 7 -157,0 --. ; E _6?. I? _64.9

3.288 86,. 1 1 2 - . 7 - . 9 - .4 . - - 7 .

2.310 '4 1 . 4-44 -. I
3.312 '6' 1"" 3 1 .4-. . V .

300 4 1 . . 2 1 4.40 -lt 4E .

':.3 40 4'3 16 .1 214 40 210 I -14,40 -10 :. 13 i.'.
1. 35 It 104.8 4

9.360 .9 ' it'. -| IS[ 1 " -1 . "- - Jo , ' 1 .
Q.3Z@ 7'1 1 -. 4 Z7 S -lop. I Z.4
'.330 . 26 . -" -10 70. 4- .
340 ''4 ?" - : 4 t .P,

9.45 .0 ' 1 34. 4". 1 1 1 99.58 '9 14 8 7,~ 4'

9 55 ' 9 3 9 - " -1 0 64 18 1 I1 0 0,

3.608 . '' 215 -.1 .r -111. ,'$ u -Illse .'4' 5:.
9.75 .00 1 - 1' 11. 07 147.

'.7'50 ."0' I5..9 . 11 . -;7. -it . .,: _
.00 7 5.4 - 5 -. 4

9.8550 .9" 1. 9' I 1.10

1.900 ,91 155.7 2 3 -114

10.80 .4" 25.0 -0 3'0 I S 7.

29.85 1.1100 254. . .- 00 04 .
8.18 1.a 00 4514.. -. ' -4.2
.V 920. .2o 53.? 2I 1 . .63 -1 - , '' 1. I:.

10.20 1.0 153.4 -0.- "' . 1 iOno '".4
'3.2"5 1.000 153.1 "5 I4'" .

10.30 . 000 15. 7 4 11"
I0.35 1,000 1'Z..4 E, -1 p ' .4
10.40 1.003 15.1 '. ._0 1'S.I
I0.45 1.900 151.7 - .- 1.09 151.7
11.58 1.00 15.4 4 1 1.000 71 7p .4
Io.5 1.000 151.1 -100) 1I.2
10.680 1.900 15'0.7 -'' '.0 -I ' .'-I-j% 11. 1..800 150."
10.65 1.008 1.5,0.4 -3 . I0 p .0 '" 5.4

20.70 .099 250.1 -' 11'4 .000 - 1pop .
20.75 1. 149.7 -' 10 ( .00) 14'.7
20.00 1 .0 14.4 0. t. 1.0 3 14 .4
10.95 1.000 244. I " 1.000 14. 1
13.38 2.05'0 243 .8 -2 3-~l .2 - I .0"0 141.3
20.35 1.O000 143.4 . 1. t 4..4

1.80 2. 0V 14,3. 1 ? -30 24.
21.05 2.009 147.3 ? I2 . .; --- - . .000 147.8
1.10 .'9 147.4 - 9 - 99 147.4
1.15 .449 147.1 - -1 '1 .9"9 142
12.20 9-" 2

4
s.89 3z -57' Z 99 14.

l.2 .4 ' 145.5 1Q40 139 .399 146.5
1.30 .141 146.21 3, .Z I j 4 .3 '2' -1 2 .4.3 14t.1

11.35 994 145.89 -32. 8 -1I'Z4. - 3 0 - 2 4 .' .'93 145.8
12.40 .9q3 1245.4 -31.81 - 1 -31- -1: 1I 1'' 245.4
21.45 .343 245.2 -:2.612 1...4 - 1'1 I , . 4 .1
.50 .94 1244. 8 -3 8 1. .
2.55 .4tl 244.4 -71.5-2 . - . 24.4
.68 0 99 144.2 -30.90 -22.5 - " -12-.3 1 44.1

21.65 .4 143.7 -30.65 -226.8 -0 -11I . 9 .'' 143.1

1.78 .4-9 14-.4 -30. -2 7.21 -70. ? -7.1 1 243.4
22. 75 . 949 243.0 - 7'?. 2l 1 2 4 -30.11 -1 7.4 .'' 24 '.8

2.88 .4Q,34 142. 7 -2'.e' -12 42. 2. " "9 24".
.85 .349 242.3 -2. 4 1 19 -1 14.3

1 .90 141, 9 -2-24 -12 3 -125.6 '4' 242.6

12.88 .944 242.2 -2.63 -229.9 --S.6 -12..2 - ,'1 42.2

79



REPRODUCED AT GOVERNMEN 4r EXPENSE

TABLE 2 3

Analysis of Filter #6 (Cont.)

S-MITR I: IN HR,:,IITLIDE AN[- PHASE
LI Z7 21 22.

FlREG MAG RAtG DIR Altl D? A14G MAG AtIr
e o e .14-6 15?..3 -3?. 12 ." .1 - 3, 3 1 6 5 . 9 =9

Q.50 . 95 157.9 -- Q .06 1I 1"..7 - " 0 1 19.7 .:'5 .
8.100~ ~ .9, .5 . -; -. '4 113.0 -31-. E 4 1 1 :;.. ' '..

.20 .9 ; '3.5 - 5.1 35 100. ": - 1.50 10C0. .4?9, 5 .5
S. 250 .99.1 15-. . 7,3 4.3 -9 ,7 4. 9 5 .

9.300 . Z9 1,50.7 - 99 83.7 -2?. 97 :. .??Z 150. 7
19. 3 50 .99Z 14 .7. -29.8 83.3 -. .0 3 : .?9- 14?..
9.400 .9 2 147.8 -29. 09 78.3 -2$.OC9 7.., 1a47..?
Q9.45 0 9"93 146. 3 -2. 0 3 73. 6 -2- . 03 73,E .9,a 14 .. 3

.Z 99?
.  

144." -2 , 89 C. I Z., 9 % .... 1 . 1' 44.T

.600 1 000 15S.-1 - 3 e4 6-9. 3 - 5.0(4 1.1 3<I.O I .=:."
:6 0 1 0 0 1 3 - 4. 1- z f .9 -.? 4. . . I .0 , 15 0

S. 700 1 . 0 0 1 -z ?. ,: - ?. 1 3 6.'7.6 - .13 (7.6 1 3) 1!7.6

S. 750 1 .000 t 7.. -320 os .t " . 08 000. 1.O 1 77.
6.?08 1.000 1 5,6.8 - ILA.93 66.8 30 ,,. 9 " - 8 clog) 156..
9.850 .9,49 15-3. 3 -2?. ,q. 615.3 -2. .6, 66.3 .19 .,.

. .900 999 155 8 - 3. 1 1.7 - -. 9 65. 7 . 9 15 .

9. ?50 9 9 1 .1 -. .; ''.I -2. .".72 C1.1 . I9 155.1

1. 000 9: 154.9 -24. '40 64. 3 -Z 4 .9?1 6 4 .: , 9 154. 3
9 010 " 154.1 -z4,52. 64. I -Z4.' :. 64 .1 .9 9 I 4
020 1g a 5..9 - 4. 12 9 -Z.4. I2 : a . 5 .

.040 .: 3 5 - ,-9 - 6 - _. 8i 2. /" .?.' 5 .

-3. 60 q 7 52 9 - 2 51? I - 2 -% -". 9:7 1 ;.

a. 7 , .4-1 e ' . -,21 ..14 a?::- , 7 152.

.090 96 52. -20., 2.2 -20. 7? E2.2 9:: l= .
9.10 9 ' ,:: 51. -;. .,T1 6 .Q -2Z0.21 c1.9 ?4 15 .

1. 1 9 5 51.1 -19.61, -1. - 1 .60 .r 1 .5 I c a I. 1.1

.120 .9?1 150.6 1: 4 e I.0 -I 1 4 tF.I . :. 1 !0. 6

9.1 ?0 .1 4 5 . -1 . 4 E 0. 1 -I 4 ? 4 1 5 0
Q. 140 . az 1449.4 -17 . 4 S . -I -I 4- =9 . ?, 149.4

,J.160 .9 7 - .. 7 '"; 1 . 7 5:1. Z" 9 .: 147.6
9.170 .966 146.

4  
-5.7: 7..1 -14.7S !..I . ' . 14 .

.180 .991 144. 9 -1I I.E7 5 - .67 5. 981 144. 9

.190 1 75 143.0 - 12.4 ? I]. -1. 49 . 9 5 141.0
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REPRODUCED AT GOVERNMENr EXPENSE

TABLE 22

Analysis of Filter #6

WRITE

(INIIIALIZING ARRAyS"
KE -IN or LOAD circuit 

0
1k' o" L'

K

key-in ckt descript 1otn: t hen e,-,t .r I'f q 4srC 4$

TWO I HOLD I USE I WC 5.8 1.;8735 USE -1

STEP 8 12 .05 STEP 9 3.4 .01
Sorti ng reduC ncit;s

EDIT, RUN, STORE, STOP' (E, <P: , STORE or STOP'I I
E
'Editor, COT eits to '.r.&lv!

LI?" 0
Selec prnt lIs devi e -'RT or F PIfTEP'

P

CHZ OH NH PF CM :P= 50

SDB
10 TWO I CAS
20 HOLIr I cs
30 USE I CRS
49 WG CRS 5.08 1.687 5

50 USE -I CRS
Frequencis: 9 8.05 8.1 .5I e.2 S.. . -.... ?... 

. 
:.4 45 : 3.6

8.65 8.7 9.7! 3.3 8.8! 9.? 8.95 4.01 9.02 3.0- 3.04 0.O5 .

397 9.O 9.0- <.I 9.11 9.12 4.13 '.14 3.15 .16 '.17 t.IS '.19

9.2 0.21 9.22 9. 3 9.24 9.25 1.26 .7 9.1-:. 9.33 . .3 3.31 3.32
9.33 9. 4 .5 .36 '.i7 3S 9.339 .4 ?.45 .3 7

.75 1. 9.95 9. 10.0! 10.1 Ir,15 10.2 0.25 10. 10. !
10.4 10.4!' 10.! 10.55 10.6 10.65 10.7 10.7! 1." 10.?" 10.' 10.3!
11 11.05 11.1 11.15 11.2 11.2! 11.3 11.35 11.4 11.45 I.! 11.5!

11.6 11.65 11.7- 11. 8 £1.85 11.9 11.9! IL

<Editor> COHT exits to Anal,sis

R

Enter data (.oII, 1.21,22' fo, TWO I
r014T . t er m i t & i nput

8 .'96,162.082 .089,72.08? .09,.72.093 .996.162.@.

9 *'99,17.! .118.67.5.18.?7.! .3.157. 5

I .999,153.33 .147.,63.373 .147.61.7:3 ..9?.12.3 3

II .983,147.291 .11?,57.2mI .11 ,P-7. I . 3 ,147.23l

12 .q44, 140.791 .265,5 .791 .26 .50.7-1 .9E4.140.741

(S;,G,H,Y,OR Z

S
P1.'MP),OP DO
I

MP

Do you want tn s tore thi, dt aI a. 1ic e i

N

I t~t nr, l , ! at 
d

i

Ar. a lyl i7
Selec.t print

1
ltat dee"¢ 'R7P c, 'PRINTER'

p

IP

77



REPRODUCED AT GOVERNMENr EXPENSE

TABLE 21

Analysis of Filter #5(a) (Cont.)

-IIT 1, 'E

S-MkTPI .~ 114 GIT~ Mitv, kf : F 17j

RE9 MAG ANG D7 AWuG 2 AlG mG ,P AG

8.000 .' 145.7 - --3'.31 ".9 --. 3 55. 1

6.z00 qe 14. 9 - . 4- 52.8 - .'.L 14 4

6.40 . 7 8. -4 .44 43 P Z 4 
4

b . 40

6;.ge 600 . 7 1 39. 7 62. 7 4 -. 6 - 7-5,. t; 7 4E .. 6 ?9: Q I 7.!

00a 4i 11.2. 1 -ZZ2. 52 42. 1 -: ;.;. 5-2 4 . 1 97 1 '4 . I

'.460 3' ?, ? ,.4 -1.22 --" . e - 1.22. -2..8 .428 82.8
.465 .348 50.9 -1.03 -300 - - r'. -

9.47 2 457 -.86 -33.3 86 -.. 3 '24 43 .
'.4,5 .240 39.5 -. 72 -36.. --. 46 g76 38.
9.480 184 31.4 -. 6 -48.a -.6 -40.3 2 4

'.485 .12' 19.2 -. 53 -43.8 -5) -2". I.°9 90
.490 .4 -5 . .- .4g 7 I 3 11.3

3. 4'S .06-0 -5'.0 .4 -. 47 - -. 47 -511 I~ ".4
.500 -104.1 -. 454 - Q 1.

9.505 .142 -13.6 -.52 .0 - . -. 3 -1 e2.1

47.50 *1 " -434.27 -.Rs -El .8 14 e3

9.415 .251 -141, -.7 -3- - ' 84 1 4.
9.520 .303 -147.3 -. 1 -40.3 -.61 -40.2 .ss9 9.6.5

3.525 52 -2 .1-. -4 . .375 lQ7.2

9.530 .0? -156.3 -2.49 -74.2 -. 46 -4. .418 1 74.9
9.535 .443 -- . 1 -1.7- -S .1 459 176.2

'.548 .474 -163.5 -I.5 - 8 -I58 -C 54 175.2
9..45 .521 - 2- L .88 -8.4 -1 80 -: 4 534 124.1

9.558 .55 -14 6 -26.. -- S4E8 - 6 -4,8 .567 172.9
9.608 .777 270.2 -4.41 -42 1 ' -'. .01 -t 10.? 77' 1-0.8

E9.900 .955
.  

244.4 -1.8 -S 2 . -2O'"
-  

-12. .355 241.010.80 .979 13 ?.2 9 -14.8 -I 1 9 - 4. 979 1 4.0
20.2 .96 12.4 S-I.38 -23?.1 -8 I ' . .50 -79.4
10.4 .989 127.9 -1 1 4 -1.38 -26. 9 4 -. 163 - ?.3

20.6 .99' 224.1 - 1 85 -82..4 -17.80 -4. .40 -79.2I

28.88 .95 2 1. -2. 2 -24.8 -2.0 -4.9 .,46 -79.3
1.8 .992 120.6 27.9 - 25 1 9 99 - .9 .992 17.6

21.20 .991 125.7 - 1.9 -2 .9 -2 ,4 2C54.. ' I.019 14 .2
1.40 .9'9 112.7 -I.74 15 .e -84 -15 0 4 4 .770 114.0

12.68 .9Q 1209.5 2 4 . -2I6 -I1,* 41.204 202.84
1.80 .989 106.2 -1 6 7.99 4 -131.94 4 1.. 921 - 11:.8

12.8 .989 102.7 -16.37 - 67.8 -1 '7 167 E .12 101.8
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RErRODUCED AT GOVERNMEN r EXPENSE

TABLE 20

Analysis of Filter #5(a) (Cont.)

(.$>, tH, ,OR 2

S

Rl,<MPI>,OR DB

MP

Do you want to store Thil data in daeCi file ,
N
< Jr'te rpol at Ing>
Enter data 'F,lI,12,21,22 for TWO 3
<. CONTI terminates input

8 .9%34,146.742 176.56.74Z.176.56.42 .984.146.742

9 .969,125.211 .247.45.211 .247.45!.4 . 9. I,35.I

10 .346,124.Cl .322, 34.031 . 2 3.38I .94-.I 4,@1

11 .914,113.414 .45,23.414 .405,:3.414 .914,113.414

12 .868, 1.969 .496, 10.969 .46.10.)69 86e6. 10.969

<S',G,H,Y,OR Z

S
PJ,<MP,OP DB

IPMP
Do vou wan.t to st ore this data a t, &- Je,,c a e. I , v ,
N
lI , rpoa Ing

(Anal 'ytI s P
Select pr ink Iist datice '.CRT, or PPIIITEP'

'75
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FP
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REPRODUCED AT GOVERNMENT EXPENSE

TABLE 19

Analysis of Filter #5(a)(Z = 1.43 cm)

l.P I TE
<IIIITIALI ZIHFr RRAY"
KEY-IN or LOAD circuit' 'k-" or L'

V

Vet-in ckt description: then viqr ireqienci

TWO I TWO 2 TWO 3

STEP S 12 .2 STEP 9.45 ,55 .005
Sort tuq frequeri '09

EDIT, RUN, STORE, STOP' 'E. P;. STOPE or STOP.

£
(Editor? CONT exits to <nal sis

LIS 6
Select pr nt ist dq-ic 4 CPT Cr P F ITE

P
GHZ ON NH PF CM ZR- 50
SDB
1 TWO I CAS

20 TWO 2 CAS
30 TWO 3 CA$

Frequenc is:. P 3.2 8.4 .6 . 9 9. .4 45 . 455 .46 .4.5 3.47
9.475 9.49 9.485 9.4 9. 9.5 .53. '.51 '.51 I. 2 '.I5 3.53
9.535 9.54 9.545 3.55 9.3 E . I 1I6. 10.4 10. I 10.0 11 11.2 11.4
11.6 11.8 12

(Editor> CONT e s to (tnalysis

P
Enter datak (P..,12,2l,22 for TWO I
U CONTI terminates input

S 9 9,146.4_6l .2..56.461 .2.5A. 4I .?979.14 4 41

9 .5,0,135.070 .279.45.079 .270.45.670 .9. .. 70

10 .935, 123.461 .354,32. 9 1 .754,.7. 'C .1 35.1 -,.

II .9'7,I1l3,25 .440.23.EZ.S .440.2>.625 .8'.,13,E25
'

12 .849.101.742 .521.11.742 .529,11.742 .949. 1I.42

(S),C.N,i,.OR Z

RI,(MP',OR DB

MF

Dto yot, wanti to store this ciat a in a deice file*

4 " IntetrDol a' ing)
Enter datl 'F,I1,12,21,22' (or TWO 2
<" CONTI ttretnatet Input

8 . 0,6.0 l.-9).5 1.6.- 0 .5- .6,0.0

9 .6,6.0 1.,-117.40 I. .- l7.41) .0.0.6

IS .0,6.0 1,6,-141.23 1.0. -14. ... e

I1 .6,6. 1l.0.-1,4.30 1.0.-164.10 .0,6.6
1

12 .6,8.0 1.0,-l15.50 1.0.-1-5.50 .6,6.6
7

I

|:" 74

I

i " , • . , " " . .; ', . , .. - , - , -_ .- ,. .. - , - . . ," - . . . . . . % - . - , , - ,
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REPRODUCED AT GOVERNMENr EXPENSE

TABLE 18

Analysis of Filter #5 (Cont.)

S-MATF 1: IN 16AI.ITYDE ktlD FHAIE
2 1 1.2 .21-"

FREO MAr ANG DE ANG , E Ap1 78,0 A 0i

8.000 .999 145.7 - 0.50 55.. 9 -32.50 55.9 .99 1 246.2
2 *998 143.0 -31.2z 5z.9 -.31.2 52.? .499 141.5

.400 .995 140.1 -21.80 50.0 -21.90 50.0 1999 40.7
S.600 .999 236.9 - 16.18 46.9 -2;.29 46.9 .998 37.7

9.800 .997 133.3 -23.23 43.5 -23.2 43.5 .997 134.4
0 0 -?4 12- 8 -1 .7 1 7. . 95 . 3

2. 0 . 7 I l 6 - . 2 .5 52 .5 . : 1,4.

9.400 91 104. -16. L 2 10. 3
9.500 661 6. -- - .4
9.505 .6 3 74. - 4 -1 1 4 .
.. 603 . 12 7.

9.51 1571 7 1 0 1 1 0 5 40 ?.:
?.52"0 .!3.5 5.7 -1.81 - 1 .5 -1.. 1. .5 - .

4.525 .4 -1.4 -4.22 -1 64 - I. 45029 3
9.530 450 5- @ - 1 .4- -24.0 -1 .42 -Z4. 0 .470 S .I
9. 53 ?1 4 Z .0 -. 1 -29.9 .,4Z8

*9.5'4 0 7 O Z 2: 8 -1.0 *'?. 80.?

-.545 316 45. - 8 . - - 2. • 81.0
9.55e .205 40.2 -. 1 I - ;- 3

9. 1555 .213 Z - 4 - 4 447 5. 4
".560 .16n 6 - 0 -4Z.' - ) - "4 I.?
. 65 .120 9 -.44 -4 .1 -.44 -4- 1 14.3 101. 9

9.570 407 4. -. - 4. 5 40C -4 .5 .14z 12. 2

9.575 071 ' 40 -5. . 4.
Q 1.580 107 -I0 .6 -I4Z -5E . 4. -56. 6 .o 154.7
9.585 .1 Z5 I l -.4e 4 - 1" ,15.
590 20 -I b 5 . - Z4

1595 .25. -41 .6 -. 6 - .0 - . - . 15.4

9.600 .3e6 -147. -.

9. ?-08a .922 10.7 -e. 43 S .4? -I . . 9

10.00 . 7 1 -1 .4 - - .47 -1 5
1 20. 20 .982 12". q -14. 1 -1 . Z - _
10.40 .986 124.9 -1:. 0 -141.5 -V I'.0 -141. 967 1 z
10.60 .99? 12t.4 -1,'. 25 -144.4 -I' , -144.7 2.4.0
29.80 .990 229. -1 . 5 - 5 .I1 ..3' 1. .. 91 11 .
10.88 .990 1229 -17. -14 .1 -17.. -1C:..1 ?91 1 1.

11.20 .93n 11..3 1 . -154.4 1 ' 1 4.4 .- 0 l1..

11.40 .989 11 3 1 .4 -12 7.5 1 .4E - I ! 7.51 11 z
11.60 .le 98' .1 1 2 0 -1 .7 1 20 0 . 89 10' I
11.80 98 14 -. 8 -1 -I- 82 -1' .4 his
12.08 .999 203.I -1..23 -I_.2 -1.9 -I6?.2 .999 102.3

73
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REPRODUCED AT GOVERNMENF EXPENSE

%,9 \ TABLE 17

Analysis of Filter #5 (Cont.)

(nlt rpol at ig)

Enter data (F,11,12,21,22) for TWO 2
I CONT terthinatis input

". 9a .,oe.e t.0,-8l8.68 1.0,-3.8 .,8.

9.0,.8 I0,-l5.0 I.,-11.08.0,0.0

ILI .0.0.0 l.0,-138.30 1.e.-138.30 .0.0.0

. ~11 .8,8.8 bC.,-160.85 l.8.,-160I.85 .0~..

<S'.G,H,.CP Z

S
R I. MP , OR DB

MP
Do you want to store this data in a device fiI i 'Y', 14)

N

1,nt wino I at i ,q
Enter data F,11,12,Zl,22. for TWO 3

CONT) terminates input

8 .184,146.742 .176,56.742 .17e.56.742 ,4.146..742

=18 .- .46.U4.1? .T,-4.@1 . 344.931 . -4 . 4. 0
-

?1

II . 9 4,1i1...414 .405,23.414 .40-.22.414 .?14.11-,414

12 .868,108.959 .496.10.96
9 

.496,10.96?..62,100.969

IS.,G,H.Y.09 Z

RI,'MP',OP Db

PP

Do you 'an' 'o store this data in a de"u1ce file -Y N)
N

int erpolai *nq>

, Slet¢rint-ls device (<CPT, or PPINTERI

P

72
L . .
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REPRODUCED AT GOVERNMEN r EXPENSE

TABLE 16

Analysis of Filter #5 (Z = 1.40 cm)

WR ITE
< INITIALI ZING ARRAYS'
KEY-tH or LORD circuit? (<K) or L)
I
K
Key-in ckt description: then enter frequencies

TWO I TWO 2 TWO 3

STEP 8 12 .2 STEP 9.5 9.6 .005

Sort ing trquenclei
EDIT, RUN, STORE, STOP' (E, <R;, STORE or STOP)

E

tEditori COHT exits to <.AnalVsis,

P
cEditor> CONT exits to <Atialsis'

L1- 8
Select print-list device 'CFT> or PRI1lTER,

P

GHZ OH NH PF CM ZR- 50
Spp

10 TWO I CA
20 TWO 2 CAS
30 TWO 3 CAS

FrequenciG: 8.2Z 8.4 E.6 8,. ? 9.2 9.4 9.5 505 9.51 9.515 9..2
9.525 q.53 .535 9.54 Q.54. 9.55 9.555 9.56 9.5j 9.57 3.575 9.53
4.535 9.5' 9.595 q.6 9.Q 10) 10.2 10.4 1. 6 10.8 11 11.2 11.4 11.6
11.8 12

<Editor, QONT exits to (,oAsnlysts

p
Enter data 1F.11,1Z.21,221 for TWO I
<, COHT> ier.inates input

8 .979.146.461 .2,S6.461 .2.54E.491 979,14S.461

9 .96e,135.070 .279.45.070 .271,45.1037..9.0.15.0,0

...04 . . .. 61 .1 -.I2".q

1 .897, 113.625 .440.23.,625 .440.23. 625 P97.I13.625

12 .849,101.742 .529,11.742 .52".,I.42 .849,101.742

<S",G,H,Y,OQ Z

S
RI,<MP>,OR DB

Do ,ou want to store this dita in a dq-ce ile - ' ,
H

0

!U

I"1



RErRODUCED AT GOVERNMENr EXPENSE

TABLE 15

Analysis of Filter #4 (Cont.)

9.475 .977 140.5 -15.Q4 -1:3. -IS. 4 -1a , - 140.5
9.560 .978 133.8 -16.29 -12:3.8 -16.2

' 
-126.9 .475i 13 .6

9.556 .960 138.5 -1..90 -130.1 -Ia. 0 -130. I aZ0 136.5
9.600 9e2 137.4 -17.4Z2 -I.1I. - 1 4Z 1 - 1 .3 4
9.650 .98? 136.3 -17.88 -132.5 1 ? .3
9.700 .983 135.3 -19.27-13.5 -I-,7 -1 '2.5 1-!.3
9.750 .984 134.4 -18.61 -1.4.5 -I:. 61 ' 4.5 4Q4 134.4
9.80 .984 132.5 -18.90 -135. 4 -1: :. 0 -I .4 4 1" .5
9.850 .985 132.6 -19.15 -136.3 .1 I .
9.900 985 131.8 -1.37 -1 I 37C 131.3
9.?50 .985 1"31.0 -19.55 -13

0 
6 -1 54 1 0 5 1 E

10.6e .965 130.2 -19.71 -13 .8 -1 71 1 Z
10.05 .9"5 129.5 -14.31 -1 .4 -1 -.4 .
10.10 .985 129.3 -19.90 -140. 0 -1 ,9 -140. 0
1,3.15 .934 128.1 10 .97 6141. 6 -1 ? . -140. - 4 I .1
10.20 .994 127.5 - 0. -141., -20.0 -141. 5
103.25 93::4 126.? 141 - .0 95 141 A
10. 30 0$4 12E. 1 -20. 07 -1 4 5 -20. 074 I 5
10 .35 9 IS3 125 .4 - 1 0.4 - -143 14' Z ~ 4
IC.46 .96? 124.7 -20.07 - 814'.. - C".0 14 4
10.45 .993 124.0 -Q. 05 -144.5 0 -144. -4.0
10.50 .982 123.3 -2.- 0 - 0 .14. 2
10.55 .982 122.6 - .-I 9 -145. - I ?0 10.66 .982 121.9 -19.92 -1 ?.?9

10.65 .9 1 121.2 -I9.S6 -147.2 -19.So -147" 121.2

10.70 .981 120.5 -19 -1 - . - .1 20.

10.75 ! .9991 119.. 'I3?.7 0 -14'.6 -1-.70 -14.. . -i IV.P
10.80 .980 119.0 -14. 1 -149.4 - I?. 1 -144.4 QSQ 11 .0
10.85 .980 118.3 -1 . .1 0 -. .5cV -I . I1.I ,

10.90 .960 117.6 _I?. 9 - 150.91 -1II.31 -150.1
10.95 .979 116.8 ' II .
1 1.00 .97 11 .0 - . 14 V -14.4 -1".-.4 0
11.05 .379 115.3 -19.", -I
11.10 .979 114.5 - ' - V" 4

I1.1 .97? 113.7 -1.- 4 .8 lo 13
11.20 .97S 112.9 -I *; 1 -15 6 -IS. 7 1 .
11.25 .977 112.6 -1 . 14 I ,447 1 .7
11.30 .977 111.2 -18 15 -13.16 -1 7. .477 V V.37I
11.35 977 110.3 - 15 .1 -17.96 I . 1 ?77b 10.
11.40 .977 163.5 -I,) -1 .0 -17.76 -11.a .)7" I 1 ,

11.'5 .73 169.6 -17. 1 9 -17.54 -15' 7 .
11.50 .376 107.7 - 160.9 -17.Z -I S 1CC 7

11.55 .97E. 106.7 -17. 0 -161 -1700 11 I.. 7
11.60 .979 105. 8 - .?4 -I t.7 -3 P4 .9
11.65 .97! 1,34. 8 -- 6.5 °1 6 -1 104

1 1.76 .?7- 193?.9 - 1
11.75 .975 102.8 -1*.05 -1T.5 -16.05 -165.5 .75 10..

1.66 .475 101.7 -15.76 -166.5 -15.76 -1,6.5 . 101.7
1.85 .q75 160.7 -15.46 -137.5 -15.4- -167.5 ?.75 100.7
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Analysis of Filter #4 (Cont.)
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TABLE 13

Analysis of Filter #4
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A

TABLE 27

Analysis of Filter #7 (Cont.)
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APPENDIX C

FIN LINE--MMWS AND ELECTRONIC WARFARE

A. BACKGROUND

The recent increase of sophistication in weapon systems

and the experience from previous combat systems showed the

need for effective equipments that would increase the capa-

bility to detect the location of the enemy.

This capability requires very effective countermeasure

systems to minimize the hostile threats and to maximize the

effectiveness of one's own weapons.

In radar applications, the need for compact, low-cost

sensors for missiles and smart munitions pushed developers

to the mmW region. Table 28 shows a comparison of mmW opera-

tions with microwave (imW) and electro-optics techniques

[Ref. 20].

The integrated circuits (ICs) of mmWs appear very attrac-

tive because of reduction of their size and weight, lower

transmission losses and higher overall bandwidths.

The combination of small size, high accuracy and high

reliability in adverse environment conditions offsets the

current cost disadvantage. In addition, new fin-line manu-

facturing techniques minimize the cost of mmW hardware.

Figure C.1 shows the electromagnetic spectrum with radar

band designations. The main advantages and limitations for

mmWs radar are tabulated into Table 29 [Ref. 13].
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TABLE 28

Comparison mmWs-Microwaves-Electro/Optical Techniqiues

FREQUENCY

mxn-W ave E LE CTRO-

CHARACTERISTIC MICROWAVE mm-WAVE OPTIC

- Range in fog Excellent Good Poor

- Components Large, rugged Small, rugged Smaller

- Aperture Large antenna Small antenna Very small
aperture

- Miode Active only Active or Mostly

(radar) passive passive

- Imaging Impractical Possible Excellent

- Atmosphere Atmosphere Good spectral Fog and
*transparent responses clouds

opaque

wa~ltrnqm l0km lkm loom 10n- 1 m 10 cm I cm I mm 100 m1

Biand A VF I LF I MF I HF IVHF uHF ISHF IE.F I 1A V..bie

- LUII'aScncs- - M,C'owaves-

F'eq ... lcy 30KHZ 300KHZ JMmz 30kmHZ 300MHZ 3GHz 30GHz 300GHZ 3 THz 301Hz 300 IHz

- KMjIIjmer Wa~e5-..
waieelenglI1 im 10cm 1Cm Imm

UHF L S I C -L- K K IKa

- F~e tny iGHto 10 20 40 80 1? 18 27 40 300 GHz

Figiure C.1 Electromagnetic Spectrum~

84



J

TABLE 29

mmW Radar System Tradeoff Considerations

ADVANTAGES

Physically Small Equipment

* Low Atmospheric Loss 1

High Resolution

Angular
Doppler
Imaging Quality
Classification

Small Beamwidths

High Accuracy
Reduced ECM Vulnerability
Low Multipath/Clatter
High Antenna Gain

Large Bandwidth

High Range Resolution
Spread Spectrum ECCM
Doppler Processing
ECM

LIMITATIONS

Component Cost High

* Component Reliability/Availability Low

" Short Range 10-20 km

Weather Propagation
2

Notes:
1Compared to IR and visual wavelengths
2Compared to microwave frequencies
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The emergence of radars with high performance seekers

requires an equal modernization of ECM systems. Due to the

high cost of modern aircraft and ships, ECM is no longer

just an added feature, but rather an operational necessity.

Table 30 shows some useful characteristics of air

defense systems, which operate in the mmW region [Ref. 14].

TABLE 30

Characteristics of mmW for Air Defense Systems

The mmW spectrum is now crowded

High antenna directivity with small aperture

0 can be achieved

The RF components are small and light

There are a number of low attenuation
"atmospheric windows"

mmW can penetrate high density plasmas

The high directivity and low attenuation due to atmos-

pheric windows of the mmWs can be used for highly secure

operations. The penetration of the mmWs into high density

plasmas provides the capability propagation into a nuclear

explosion [Ref. 14].

B. APPLICATIONS

This section discussed mmW-planar IC components and

system applications. In the first part, the performance of

various components are briefly described and in the second,
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examples of the state-of-the-art applications in radars,

communications and missiles are shown.

1. Integrated Circuits Components

TRW Electronic Systems Group has developed many ICs
components including mixers, Gun-VSOs, frequency multipliers,

switches, attenuators, filters and couplers. These elements

are available for applications in advanced sensors, radar,

electronic warfare, radiometer, surveillance and communications

systems.

The characteristics of the performance of the com-

ponents are shown in Table 31 [Ref. 15].

The suspended stripline and fin-line techniques have

higher Q (quality factor) and thus lower circuit loss compared

with microstrip.

The fin-line balanced mixer [Ref. 15] is very useful

for extremely wideband operation. A bandwidth of over 30%

has been achieved with less than 7.5 dB conversion loss at

W-band (75-110 GHz).

Various types of receivers have been developed at

Ka (26.5-40 GHz) , V (50-75 GHz) and W (75-110 GHz) bands by

using the components mentioned above. The Ka-band receiver

was scaled up to V-band for purposes of satellite communica-

tions. Figure C.2 shows two RF modules for V-band and W-band,

respectively [Ref. 15].

So far experience has shown that fin-line technology

is a proper tool to build mmW components and subsystems above

90 GHz. In Figure C.3, a mount of a balanced radiometer
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TABLE 31

Summary of Integrated Circuit Components of Receivers

FREOUENCY COMPONENT PERFORMANCE

44 014a CIRCULATOR * 0.6 dB INSERTION LOSS

* 2 GHx BANDWIDTH

* OVER 20 d8 ISOLATION

MIXER 0 5.5 d8 CONVERSION LOSS
0 3 G~t INSI ANTANEOUS BANDWIDTH

PIN SWITCH a1.2d8 INSERTION LOSS: OVER 20 dB
ISODLA TION

* I GHz VARACTOR TUNING

60GHS MIXER 9 6 dB CONVERSION LOSS
* 6 GHr BANDWIDTH

GUNN OSCILLATOR 037 MW POWER OUTPUT

O GUNN VCO 0 0MW OUTPUT WITH 1.1 GM: VARACTOR
TUNING

9G~t MIXER * CONVERSION LOSS S.5 d8 FOR 1 GHt IF
BANDWIDTH

* CONVERSION LOSS 7.0 dB FOR 15 GH:
INSTANTANEOUS IF BANDWIDTH

* CONVERSION LOSS 7.5 d8 FOR 28 GHt
INSTANTANEOUS IF BANDWIDTH

DOUBLER 0 40 TO 80 GHx

* 6 5 d8 CONVERSION LOSS

PIN SWITCH * 2 d8 INSERTION LOSS

* 70dBISOLATION
* 10 GHz BANDWIDTH

GUNN OSCILLATOR * 7MW POWER OUTPUT

0



(a)

Figure C.2 RE Modules (a) V-band Receiver,

(b) W-band Receiver [Ref. 15]

Figure C.3 Balanced Radiometer Mixer [Ref. 16]
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mixer with SRDT-switch in front of the Signal Port is shown

[Ref. 16]. The design of that component was based on the

combination of fin-line and coplanar line [Ref. 16].

2. Some Applications in Systems

a. Doppler Radar Sensor

The block diagram of the experimental 35 GHz

FSK-CW radar sensor is shown in Figure C.4 [Ref. 17]. The

main features of this device are low cost and small size due

to integrated fin-line components. It also has a minimum

number of elements for a minimum range of 70 m with 1 m 2

effective radar cross section targets.

trigger 

pulseI

i.f.

I dO- hybrid switch mixer

Figure C.4 Block Diagram of the Doppler Sensor
[Ref. 17]

The system uses the Frequency Shift Keyed Continu-

ous Wave Radar (FSK-CW) technique, which presents a lost of

advantages. Some of them are summarized in Table 32 [Ref. 17].
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TABLE 32

Main Advantages of FSK-CW Radar Techniques

- One antenna

- No need for non-reciprocal components

- Only one oscillator

- Minimization of semiconductor elements in mmW region

- Integration using FIN-LINE circuits

- Low cost, minimum size approach

The fin-line switch mixer is the most important

part of the radar sensor in the mmW region. It works as a

transmit-receive selector and down-converter. The slot

pattern of the switch-mixer mount for one arm and the inte-

grated-fronted structure are shown in Figures C.5 and C.6,

respectively. Table 33 contains the parameters of the system

[Ref. 171.

~IF

Figure C.5 Slot Pattern of the Mixer/Modulator [Ref. 17]
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.SEL

Figure C.6 Integrated Fronted Structure [Ref. 171

TABLE 33

FSK-CW Doppler Sensor Main Parameters

Transmit Frequency f = 36.0 GHz

Receive-LO-Frequency f = 35.85 GHz

Pulse Length T= 20 ns

Transmit Power PT 30 mW

Pulse Repetition Frequency f = 150 kHz

Antenna Gain GA = 28 dB

Range Gates 24

Noise Figure F < 8 dB

Reaction Time < 200 ms

Range (for := 1 m2) > 70 m

3
i Volume (Front end) 4 x5.5 x 1.8 cm
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b. Development of Terrestrial mmW Communications

Recently, a large number of developments in the

area of mmWs communications have been seen. Terrestrial and

satellite communication systems have been built [Ref. 18].

Point-to-point links, including ship-to-ship or

air-to-air systems is one part of terrestrial communications.

The point-to-point link further is divided into two differ-

ent cases. The carrier frequency is chosen to be either

in a range of low atmospheric attenuation (e.g., 30-40 GHz)

to minimize losses or in a high attenuation area (e.g., 50-60

GHz) for privacy or security reasons.

There are a lot of documents which describe

approaches to mmW electronic intelligence (ELINT) . Paul G.

Steffers andRonald A. Meck [Ref. 19] describe a 60 GHz simplex

(one-way) communication link, that is capable of transmitting

data television or voice to a distance of nearly 2 Km, when

set for operation at 60 GHz.

Figure C.7 shows the link between two stations A

and B and the intercept receiver C. It is obvious that the

direct-line intercept is more difficult to operate at 60 GHz

than even at 40 GHz [Ref. 19].

c. mmW Sensors for Missile Guidance

Several types of guidance have been developed in

the mmW area. Applications are found in air-to-surface and

surface-to-surface missiles as well as freefall and parachute-

suspended munitions.
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____ ___ ____ ___10 km

A 8 C

INTERCEPT

RECEIVER

2 km

OPERATING XMTR ADDITIONAL GAIN
FREQUENCY POWER NEEDED AT C FOR INTERCEPT

40 GHz -13 dBm 15.5 dB

60 GHz +10 dBm 100 dB

Figure C.7 Direct-line Interception [Ref. 19]

There are three operating modes for autonomous,

lock-on-after launch mmW seekers:

passive acquisition and track-to-target encounter;

active acquisition and track-to-target encounter;

active acquisition and early track with passive
final track to target encounter.

Table 34 summarizes the parameter for operation

at 35, 94, and 140 GHz [Ref. 201.

The threat of countermeasures against mmW active

and passive guidance sensors is being taken more seriously

during the design of the system. Table 35 [Ref. 20] contains

the anticipated countermeasure threats and the passive

countermeasure techniques.
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TABLE 34

Summary of Sensor Parameters at 35, 94 and 140 GHz

OFERATING FREQUENCY

DESIGN PARAMETER 35 GHz 94 GHz 140 GHz

Wavelength 8.6 MM 3.2 MM 2.2 MM

Clear air rtenuator 0.12 dB/KM 0.4 dB/KM 1.6 dB/KM

Rain attenuator
- 0.25 mm/hr 0.07 dB/KM 0.17 dB/KM 0.2 dB/KM
- 1.0 mm/hr 0.25 0.6 0.7
- 4.0 mm/hr 1.0 3.0 3.2
- 16.0 mm/hr 4.0 8.0 9.0

Fog attenuator
- light 0.01 g'M' 0.006 dB/KM 0.035 dB/KM 0.07 dB/KM
- thick 0.1 gtM' 0.06 0.35 0.7

-dense 1.0 gMI 0.6 3.5 7.0

Apparent sky temperature
- clear 23"K 50K 81"K
- moderate overcast 65 120 200
- rain 110 220 250

Receiver noise ti:are 4.5 dB 6.5 dB 7.0 dS

IMPATT transml'ier 15 W loW 3W
Peak pulse po.er

Ar tenna beamwidth 40 1.40 0.980
U1 15.24 CM 4
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TABLE 35

Active/Passive Countermeasures

(a) Active Countermeasures Threats

- On target low power jammer

A - Deception jammer

- Barrage jammer

- Low power on target/off axis CW of noise jammer

- High power CW or pulse jammer

(b) Passive Countermeasures Techniques

- Smokes

- Aerosols

- Chaff

- Metalized particles

- Corner reflectors

- Target shape decoys
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